Uracil-DNA glycosylase activities from etiolated Zea mays seedling nuclei and mitochondria were partially purified and characterized. Nuclei and mitochondria were separated using sucrose differential and step gradient centrifugation. Experiments with osmotically shocked organelles indicated that enzyme activity from mitochondria was soluble, whereas nuclear enzyme activity was only partially soluble under the conditions tested. Purification using DEAE-cellulose and Affigel Blue column chromatography yielded distinct elution profiles from both columns for each of the organellar enzyme activities. Final purification was 490-and 850-fold for the nuclear and mitochondrial uracil-DNA glycosylase, respectively. Characterization studies demonstrated significant differences between the nuclear and mitochondrial uracil-DNA glycosylase with respect to K,, temperature, and pH activity optimum, the effect of salts, and substrate preference. Molecular weight as determined by gel filtration was 18,000 for enzymes from both sources. Both were also sensitive to the sulfhydryl group-blocking agent N-ethylmaleimide. A number of uracil analogs were tested for their ability to inhibit nuclear and mitochondrial uracil-DNA glycosylase activities. 5-Azauracil, uracil, 6-aminouracil, 6-azauracil, 5-aminouracil, and 5-fluorouracil all inhibited both activities to variable degrees.
Uracil, which is not typically a component of DNA, can be introduced into DNA in vivo by the deamination of cytosine (15) , or by the incorporation of dUMP4 in place of dTMP by DNA polymerases (2) . While the incorporation of dUMP, which base pairs with dAMP, appears to have little deleterious effect on cell growth (26) , the deamination ofcytosine yields a potential transition mutation site at its newly created dUMP-dGMP base pair.
Uracil-DNA glycosylase activity, which removes uracil from dUMP-containing DNA adenine, was first described in Escherichia coli (9, 28) . The reaction products of this activity were shown to be free uracil and an unincised DNA strand containing an apyrimidinic site (14) . This activity has since been reported from a number of prokaryotic (8, 13, 14) and eucaryotic sources (6, 11, 24) , including the higher plant tissue, wheat germ (3) , and cultured carrot cells (25) . Mitochondrial and nuclear uracil-DNA glycosylase activities have been identified in human KB (1) and rat hepatoma H4 (12) cells.
In this paper we make the first report of nuclear and mitochondrial uracil-DNA glycosylase activities in plants.
MATERIALS AND METHODS Materials. Materials for DNA preparations were obtained as follows: calf thymus DNA was from Sigma, poly(dA-dT) from Calbiochem-Behring, and the [5-3H] dUTP (1 mCi/ml, 15 Ci/ mmol) used in both preparations was purchased from Moravek Biochemicals.
Column chromatography was performed using DEAE-cellulose from Sigma, and Affi-Gel Blue, and Dowex AGI-X8 from Bio-Rad. Immersible CX-10 ultrafiltration units were purchased from Millipore. Triton X-100, Tween-20, Azure C, protein standards, and ferrocytochrome C were obtained from Sigma. Miracloth was purchased from Calbiochem-Behring.
Preparation of Uracil-Containing Substrates. Nick translatedcalf thymus DNA was prepared as described by Krokan and Wittwer (11) . Thus, all of the radioactivity was found in [5-3H] dUMP moieties in the DNA. The preparation contained approximately 3000 cpm per 6.8 x 10-10 mol dNMP, 1.5% of which were dUMP.
The poly(dA-dT/U) substrate was prepared as described by Blaisdell and Warner (3) was performed in the presence of increasing amounts of Triton X-100 using standard assay mixtures that had been made 0.5 M sucrose so as to maintain membrane integrity in the absence of added Triton X-100. Assays with mitochondria treated with 0.5% or % (v/v) Triton X-100 demonstrated 5-fold increases in activity when compared to non-Triton X-100 treated mitochondria (Fig. 1) . Maximal activity was reached at 0.5% (v/v) Triton X-100, inferring total mitochondrial membrane dispersal by this concentration of Triton X-100. This result indicated that the uracil-DNA glycosylase appeared to be sequestered within the organelle tested, being liberated only by membrane dispersal. Nuclei, which are not disrupted by Triton X-100, were not similarly tested.
Suborganellar Location of Activity. Fraction I nuclei were osmotically shocked by diluting them 10-fold in ice cold KEB buffer. After 30 min with constant stirring this solution was centrifuged 10OOg for 5 min and the resulting pellet and supernatant were assayed for uracil-DNA glycosylase activity. The activity was essentially equally divided between the two fractions ( Table I ). The pellet was subsequently rediluted 10-fold in KEB buffer, ground with a homogenizer, recentrifuged as before, and this pellet and supernatant were assayed for uracil-DNA glycosylase activity, with the vast majority of the activity remaining in the osmotically shocked-homogenized pellet. Sonication of the initial 1000g pellet yielded similar solubilization ratios (data not shown). This indicated that at least halfofthe nuclear activity was soluble with the remainder possibly associated with some type of complex that was most likely membrane-bound.
Fraction I mitochondria were osmotically shocked by a 30-fold dilution in 0.1 mm K-phosphate (pH 7.2) 0.02% (w/v) BSA, and placed on ice for 15 min with intermittent stirring. Centrifugation at 3,000g for 10 min pelleted unbroken mitochondria and ghosts. The 3,000g supernatant solution was then centrifuged at 90,000g for 30 min to pellet inner and outer membranes. The final supernatant solution was described as containing matrix or soluble proteins (17) . Nearly all of the uracil-DNA glycosylase activity recovered from lysed mitochondria is located in the matrix rather than bound to the membrane (Table I) .
Purification. The results of the purification of uracil-DNA glycosylase activity from fraction I nuclei and mitochondria are given in Table II , and a comparison of their elution profiles has been made in Figure 2 .
Nuclear and mitochondrial uracil-DNA glycosylase activities were purified 490-and 850-fold, respectively. In both cases, DEAE-cellulose chromatography separated more than 97% of the proteins from the uracil DNA glycosylase activity peak with the majority of the proteins remaining bound to the column prior to a 0.5 M salt wash. DEAE-cellulose chromatography was selected for use based on the beliefthat the organelle preparations were rich with DNA that needed to be removed before assaying for the desired glycosylase activity. In fact, the increase in activity units for the mitochondrial preparation may be partly due to the separation of organelle DNA from uracil-DNA glycosylase moieties.
The major elution peak from DEAE-cellulose chromatography for mitochondrial glycosylase activity was at 0.067 M K-phosphate whereas that of the nuclear activity was slightly higher at 0.08 M. These distinct elution profile peaks were also obtained when phosphocellulose chromatography preceded DEAE-cellulose chromatography (data not shown).
Subsequently, the affinity chromatography matrix, Affigel Blue, which has a demonstrated affinity for glycosylases from other sources (RJ Bensen, HR Warner, unpublished data), yielded strikingly distinct elution profiles for both organellar uracil-DNA glycosylase activities. When 0.1% (v/v) Triton X-100 was added to the gradient buffer the nuclear activity eluted predominantly at 0.4 M. Without Triton X-100 the nuclear activity failed to bind. Mitochondrial uracil-DNA glycosylase activity bound strongly to the Affigel Blue column, eluting at 0.63 M with or without 0.1% (v/v) Triton X-100. Protein levels of individual Affigel Blue column fractions were too low to be accurately determined.
Km. The Km of the uracil-DNA glycosylase activities was determined under standard assay conditions using increasing concentrations of poly(dA-dT/U) as the substrate. The results, shown in Figure 3 for the nuclear and mitochondrial activities, respectively. Molecular Weight Determination. Nuclear and mitochondrial uracil-DNA glycosylase fraction II preparations, were applied separately to a Sephadex G-100 column (1.4 x 60 cm) equili- Temperature. Uracil-DNA glycosylase activity from the two organelles was measured using standard assay conditions at temperatures ranging from 0 to 55°C (Fig. 4) . Optimal activity for the nuclear glycosylase was observed at 37°C, whereas the mitochondrnal glycosylase demonstrated optimal activity at 30°C. Interestingly, the mitochondrial activity with its lower temperature optimum continued to be 88% as active at 45°C, while the nuclear activity was only 65% as active at 45°C as compared to 37°C.
pH. A profile demonstrating the effect of the assay pH on uracil-DNA glycosylase activity from the two organelies is given in Figure 5 . The mitochondrial activity demonstrated an optimal pH of 7.0. The nuclear activity, whose optimal pH was 7.5, showed the widest tolerance of pH with 50% or greater activity at pH 6.0 and 8.0. Effect of NEM. At 10 mm concentrations NEM, a sulthydryl group-blocking agent, was shown to inhibit uracil-DNA glycosylase activity of either nuclear or mitochondrial origin by 60%.
Effect of Salt on Activity. The effect of 0 to 50 mM NaCl on enzyme activity was measured. The organellar activities demonstrated distinct sensitivities to this salt (Fig. 6) . The mitochondrial activity was activated by 5, 10, and 20 mm NaCl and still maintained nearly half of its optimal activity at 50 mM NaCl. The nuclear uracil-DNA glycosylase activity was essentially unaffected by I and 5 mm NaCl but showed a linear decrease in activity between 5 and 50 mm, being only 16% as active at the later concentration.
Inhibition curves (Fig. 7) for the compounds MgCl2 and EDTA were similar for the nuclear and mitochondrial glycosylase except for the relatively lower sensitivity of the mitochondrial activity to 20 mM EDTA.
Substrate Preference. When single stranded and doublestranded [5-3H] uracil containing calf thymus-DNA were tested to determine which substrate was preferred by the organellar uracil-DNA glycosylase activities, the results indicated that the nuclear enzyme removed uracil at an equal rate from both substrates, while the mitochondrial activity was slightly more active on single-stranded DNA, removing uracil from doublestranded DNA at a rate only 87% of that observed with singlestranded DNA (data not shown).
Uracil Analogs. A number of analogs to uracil, a reaction product, were tested for their ability to inhibit uracil-DNA glycosylase activity. Those analogs which inhibited either nuclear or mitochondrial activities at 1 mm concentrations are listed in Table III . Analogs which demonstrated no inhibitory capacity included; cytosine, thymine, orotic acid, uridine, 2'-deoxyuridine, dUMP, 6-methyl uracil, 5-hydroxy uracil, 5-hydroxymethyl uracil, 2-thiouracil, and 3-methyluracil. DISCUSSION This paper represents the first report ofuracil-DNA glycosylase activity located in the nucleus and mitochondrion of plant cells.
We have described the partial purification, characterization, and comparison of uracil-DNA glycosylase activities from two of the three DNA-containing organelles of Zea mays cells, the nuclei and mitochondria. We will describe separately a maize chloroplast uracil-DNA glycosylase activity (RJ Bensen, HR Warner, unpublished data). Based on differences observed during subcellular fractionation, and activity purification and characterization, we have concluded that the maize seedling cell contains at least three distinct uracil-DNA glycosylase activities.
Uracil-DNA glycosylases have been characterized from a number of phylogenetically diverse organisms, and although a number of physical and catalytic characteristics of the activity, such as mol wt, K, sulfhydryl group blocking agent effects, substrate preference, and activity inhibitors, have been shown to vary to some degree from organism to organism, no evolutionary pattern for the differences has been apparent. Our results support the lack of a discernible evolutionary pattern, as the mitochondrial activity seems no more closely related to procaryotic activities than to the maize nuclear activity.
Of the parameters measured, only two yielded common properties in both organelles. In the first case, using gel filtration chromatography, the mol wt of both activities was determined to be 18,000. This predicted mol wt fell within, but at the lower limit of, the 18K to 30K range of those previously reported, and is very different from the reported difference between a 35K nuclear and a 20K mitochondrial activity from rat hepatoma cells, also determined by gel filtration (12) . The common apparent mol wt of both activities is interesting when one considers the fact that, based on known organelle-DNA coding capacities, the likelihood that the mitochondria code for their own uracil-DNA glycosylase activity is remote. Thus, it is probable that both are nuclear coded, in which case the mitochondrial activity must be transported into mitochondria, suggesting it is synthesized as a larger precursor which is subsequently processed to a smaller mature form (7, 22) .
The second similarity between both activities was their sensitivity to the sulfhydryl group blocking agent, NEM, demonstrating a greater than 50% loss of activity at 10 mm NEM concentrations. Such sensitivity to NEM has not been observed for any other uracil-DNA glycosylase, from either procaryotic (8, 14) or eucaryotic (3, 11, 24) origin. Although not sensitive to NEM, most uracil-DNA glycosylases, including the Escherichia coli activity, have been found to be sensitive to inhibition in the presence of the hydrophobic sulfhydryl group blocking agent, pmercuribenzoate. Interestingly, E. coli activity, which is the only uracil-DNA glycosylase whose amino acid content has been determined, contains only one cysteine residue (14) . The T4-induced UV endonuclease, which contains a pyrimidine dimer-DNA glycosylase and an AP endonuclease activity, also contains I only one cysteine, whose sulfhydryl group blocking agent sensitivity is unknown (21, 27) . The sensitivity of uracil-DNA glycosylase activities to NEM orp-mercuribenzoate is intriguing when one considers the mechanistic models for N-glycosidic cleavage, which point to a nucleophilic attack by the enzyme on the 6-position of the base to be removed (10, 19, 20) . Cysteine is an excellent candidate to be such a nucleophile as is clearly demonstrated by thymidylate synthetase, whose cysteine covalently binds to the 6-ring position of dUMP as a step in the conversion of dUMP to dTMP (18) .
Upon osmotically lysing the nuclear and mitochondrial organelle preparations to determine the suborganellar location of their respective uracil-DNA glycosylase activities, the mitochondrial activity was found to be at least 79% solubilized and we thus concluded it was primarily a free matrix protein. On the other hand, the nuclear activity was nearly equally distributed between soluble and insoluble fractions, a result that re-lysis and fractionation did not significantly alter.
In comparing the effect of pH, ionic strength, MgCl2, and EDTA on the two uracil-DNA glycosylase activities, nuclear activity was unchanged by NaCl up to 10 mm, but at higher concentrations activity diminished, while mitochondrial activity was stimulated by 10 to 20 mM NaCl and was more gradually inhibited by higher concentrations. Similarly, the rat hepatoma mitochondrial activity was shown to be optimally active at a higher NaCl concentration (40 mM) than its nuclear counterpart (20 mM) (12) .
The Km values of 7.4 and 12.0 x 10-7 M for the nuclear and mitochondrial activities, respectively, represented a small but repeatable difference. Previously reported uracil-DNA glycosylase Km values have been the same or smaller, ranging from 7 x 10-7 M (12, 24) to 1.1 x 10-9 M (8).
While procaryotic uracil-DNA glycosylases prefer singlestranded DNA (8, 13, 14) , eucaryotic activities have been shown to prefer single-stranded DNA in one case (11) and doublestranded DNA in two others (3, 24) . For the maize uracil-DNA glycosylases, the nuclear activity removed uracil at an equal rate from either substrate, while the mitochondrial activity was slightly more active on single-stranded DNA (1.2:1).
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